There is substantial variation in the annual mean concentration of radon in the same North American homes measured several years apart. 2 Such findings call into question the assumption that yearlong indoor air radon measurements offer a precise estimate of cumulative radon exposures in homes over a period of 15 to 25 years, the most biologically meaningful exposure period for lung cancer etiology. In a previous study of lung cancer risk among nonsmoking women in Missouri, we relied on detectors that measured current radon levels in indoor air for 1 year to estimate 30-year cumulative radon exposure and found no convincing association between lung cancer risk and residential radon.3 The results of 7 other case-control studies of lung cancer and residential radon from the United States, Canada, Sweden, Finland, and China have also been reported.4 Three have shown a statistically significant association between radon exposure and lung cancer, whereas the findings of the remaining 4 studies were consistent with no effect. Interpretation of the findings has been complicated by the methodological problems of estimating long-term residential radon exposure.5'6 All previous studies used detectors that measured current radon in the air.4
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In the case-control study described here, we carried out both standard yearlong indoor air radon measurements and measurements with CR-39 alpha-particle detectors (called surface monitors and made from an alpha-sensitive material, polyallydiglycol carbonate), which directly assess long-term (20-year and more) cumulative exposure by analyzing glass objects in the home. The surface monitors take advantage of the fact that the first long-lived radon progeny, lead 210 (half-life: 22 years), becomes embedded in glass surfaces in homes. The alpha activity of polonium 210, a decay product of lead 210, is measured in glass objects in the home and serves as a long-term retrospective exposure meter for residential radon .7-10 This population-based case-control study of lung cancer was specifically designed to complement our earlier study3 by evaluating the effects of cumulative residential radon exposure among Missouri women who were predominantly smokers and former smokers, by means ofa control selection technique that minimized the inherent imbalance in smoking frequency between case patients and controls. In our earlier study,3 exposure to domestic levels of radon was not convincingly associated with lung cancer risk among nonsmoking women in Missouri.
Methods Case Patients
Between January 1, 1993, and January 31, 1994, 783 women were reported to the Missouri Cancer Registry with lung cancer; 41 were not eligible for the study either because they were not Missouri residents (7 A second questionnaire that focused on the age and placement history of glass objects in the home helped field interviewers identify 2 objects for cumulative residential radon measurement by surface monitors as described previously. 16 One object was sought in the kitchen and another in the bedroom or surrogate locations where study subjects spent most oftheir time.
Radon Dosimetry
In this study, the biologically meaningful period of exposure was defined as the time between 5 and 25 years before diagnosis for case patients and between 5 and 25 years before the interview for controls. Two radon dosimetry techniques were used.7 Yearlong indoor air radon measurements were sought in the current dwelling occupied by the study subject. Annual time-weighted-average exposure was calculated by multiplying the mean radon level in a dwelling by the number of years that dwelling was occupied by the study subject. In each dwelling, a measurement was made in the kitchen and another measurement in the bedroom. We also used surface monitors, a technique newly applied to epidemiological investigations, to directly measure cumulative residential radon exposure for the previous 25 years, by affixing the detectors to selected household glass objects.
Cumulative radon values from CR-39 surface monitors were converted into annual time-weighted-average exposure readings by dividing the cumulative radon readings by the number of years the subject owned the glass object. 16 
Results
The mean ages were 66.5 years for case patients and 66.4 years for controls. We observed several significant differences between the 2 groups ( Table 1 ). The potential confounding variables were consumption of vegetables, intensity of smoking, educational level, and previous lung disease. 19 The adjusted odds ratios for radon included these 1044 American Journal of Public Health 
Dose-Response Pattern With IndoorAir Detectors
In comparison with the lowest category of radon exposure (<37 Bqm-3), the relative risk of lung cancer among women exposed to the highest concentration was 0.71 (95% CI = 0.3, 1.3), and the P value for trend was not significant ( We assumed a multiplicative, log-normally distributed error with geometric standard deviation exp(r). Figure 2 shows frequency distributions at X taking on values of 0.1, 0.5, and 1.0, corresponding to multiplicative errors of 11%, 64%, and 1700/o. We conducted 500 simulations for each error distribution. The excess odds ratios per Bqn-3 based on surface measurements and on indoor air measurements were 0.0065 (95% CI = 0.001, 0.020) and 0.0006 (95% CI =-0.001, 0.006), respectively. Figure 2 indicates that our results could be due to increased random error for indoor air measurements relative to surface measurements.
In our study, the significant positive dose-response trend in lung cancer odds ratios when surface monitors were used was consistent across age and education and when cases were analyzed by cell type. Heterogeneity in trends in odds ratios with previous lung disease and vegetable consumption was observed, with the lower risk found among those with previous lung disease and lower weekly vegetable consumption. For these variables, radon had a greater effect in high-risk categories. These results may be due to chance, and without an a priori hypothesis they are difficult to interpret. A significant interaction between radon and smoking was not seen in our data, whereas a submultiplicative pattern is suggested in studies ofradon exposure in miners.2
A strength of our population-based case-control study is that it complements our earlier study oflung cancer among nonsmoking women, being specifically designed to evaluate the effect of radon exposure among study subjects who were Accurate cumulative measures of exposure are important for valid estimates of true effects. Surface monitors may offer a more accurate measure ofthe radon environment in the previous 20 to 30 years. Serious radon measurement error due to the use of surface monitors was unlikely because of the consistent results obtained when we compared radon measurements made on 2 different pieces of glass in each home included in this study. 7 We carefully selected appropriate glass objects on the basis ofage, composition, and history of exposure to the living area of the homes occupied, and we thoroughly cleaned each object used for dosimetry to eliminate other sources ofpolonium 210.
Weinberg has suggested that because particulate air pollution from cigarette smoke and other sources retards the plate-out of radon progeny, the calibration curve relating the actual historical radon exposure to surface monitor results would be different for smoky vs nonsmoky homes.23 This "measurement confounding" would be expected to distort inferences about the effect of radon and may spuriously result in evidence of synergism (i.e., statistical interaction) between radon exposure and smoking cigarettes. We avoided this potential problem by using 2 different calibration curves for smoky homes (i.e., those with 1 or more smokers) and nonsmoky homes (i.e., those with no smokers),7 and we found no evidence of statistical interaction between radon and cigarette smoking in our data.
Another potential source of bias with surface monitors could be the differential underestimation ofthe age ofthe glass object used for radon dosimetry by case patients vs controls, resulting in higher estimates of radon exposure for case patients. This scenario is plausible because 33% of the case interviews were conducted with next of kin, whereas none of the control interviews were conducted with next of kin. When we restrict the analysis to in-person interviews, however, the trend of lung cancer risk with increasing radon levels is greater (odds ratios are Radon Concentration (Bqmrn3)
Note. The data are for our previous study in Missouri of nonsmoking women using air monitors (MO-1, air) and the current study using CR-39 surface monitors (MO-2, surface) and air radon monitors (MO-2, air). Also shown are plotted curves from the fitted excess odds ratio model for the surface monitor concentrations, the metaanalysis of indoor radon studies,4 and the extrapolations from miner data (BEIR VI models).21 Note. The error distribution was distributed log-normally with geometric mean 1.0 and geometric standard deviation exp(-c). that a single alpha particle was only slightly cytotoxic (survival fraction of 82%) but was highly mutagenic, with an induced mutation fraction of 110 mutant cells per 100000 surviving cells.26 These laboratory data provide direct evidence that a single alpha particle traversing a nucleus will have a high probability of resulting in a mutation, and the data provide additional biological support for the case that radon concentrations typical of the residential environment may be an important public health problem. This is the first epidemiological study to provide lung cancer risk estimates for domestic radon exposure derived from monitor radon dosimetry, and therefore our results must be interpreted cautiously. If surface monitors do give more precise estimates of historical radon levels than indoor air measurements, our results suggest that current air measurements may be understating the actual risk associated with residential radon exposure. At present, the exact slope of the dose-response curve remains an open question, and replication of our results in another epidemiological study is needed. Nonetheless, extrapolations from miner data, along with the meta-analysis of residential radon studies using air monitoring data and recent epidemiological and laboratory studies, tend to support the conclusion that after cigarette smoking, residential radon is the second leading cause of lung cancer in the general population. D Contributors M. C. R. Alavanja designed the study, managed the study during the field phase, analyzed the data, and was principal author of the article. J. H. Lubin was the principal statistician and wrote the statistical analysis section. J. A. Mahaffey managed the field and laboratory phase of surface monitoring dosimetry and helped write the dosimetry section of the article. R. C. Brownson designed and managed the cancer registry/data acquisition phase of the study and helped write and edit the overall article.
